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The flow characteristics of the centrifugal fans with different blade outlet angles are basically discussed on steady 


and unsteady simulations for a rectangular casing fan. The blade outlet angles of the impellers are 35° and 25° 


respectively. The unsteady flow behavior in the passage of the impeller 35° is quite different from that in the 


steady flow behavior. The large flow separation occurs in the steady flow field and unsteady flow field of the 


impeller 35°, the flow distribution in the circumferential direction varies remarkably and the flow separation on 


the blade occurs only at the back region of the fan; but the steady flow behavior in the impeller 25° is almost 


consistent with the unsteady flow behavior, the flow distribution of the circumferential direction doesn’t vary 


much and the flow separation on the blade hardly occurs. When the circumferential variation of the flow in the 


impeller is large, the steady flow simulation is not coincident to the unsteady flow simulation. 
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Introduction 


The turbo fan design is usually made with the steady 
flow simulation. Then the flow out of the impellers is 
connected to the casing region only at the location that 
the impeller is in the simulation, even though the impel- 
ler is rotating and the flow characteristics are varied with 
the impeller location. When the flow separation occurs in 
the impeller, the influence of the separation is restricted 
in the casing located at the impeller. But in the actual 
flow, the influence of separation of the impeller is spread 
widely to the circumferential location. In most cases, 
flow separation is responsible for performance deteriora- 
tion and higher energy loss. Generally, the efficiency and 
loss calculations, however, reveal a significant discre- 
pancy between the steady and unsteady simulation. 

Flow pattern in centrifugal fans is uneven because of 
flow separation and recirculation zones in the flow pas- 
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sages. Hence, many researchers contributed to increasing 
the efficiency of the fan by novel approaches both nu- 
merically and experimentally. The centrifugal fan with 
backward-curved impeller has been studied by experi- 
ments and simulations. The flow characteristics have 
been researched to improve the fan performance [1], [2], 
[4] and the interaction between the tongue and the im- 
peller has been investigated[3]- [5]. The performance of 
various geometries of the impeller and shroud are ex- 
amined with experiments [6]. For the case of the air con- 
ditioner, there are studies on the interaction between the 
impeller and the heat exchanger [7]-[9]. As to the flow 
characteristics of the centrifugal fan with a rectangular 
casing, the performance of the fan is not influenced by 
the length of the rectangular casing [8]. 

The objectives of this paper are to investigate the in- 
fluence of unsteady behavior in the impeller, the casing 
and the fan on performance and internal flow patterns. 
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Nomenclature 

number of blades 
diameter (mm) 

span height (mm) 
rotational speed (1/min) 
pressure (Pa) 

volume flow rate (m/s) 
torque (Nm) 

blade thickness (mm) 


7 tS SS me GS 


Greek letters 
p blade angle (°) 


And the cause for the above discrepancy is discussed, 
considering the physical aspects of the computations, 
steady Reynolds-averaged Navier-Stokes (RANS) and 
unsteady Reynolds-averaged Navier-Stokes (URANS). 


Geometry of Impellers 


The geometries of the impellers are shown in Fig. 1. 
Two types of impeller are used with different blade outlet 
angles and other dimensions are the same. The outlet 
angles 35° and 25°, are the impeller ‘A’ and impeller ‘B’ 
respectively. The comparison of blade outlet angles is 
shown in Fig. 1 (a). The inlet and outlet diameters of the 
impellers are 142 and 230 mm. The exit blade height is 
60.5 mm. Inlet angle is 15°. Its main dimensions are 
shown in Table 1. The impeller is attached to a rectangu- 
lar shaped casing and its size is 350 mm x 350 mm x 
158.3 mm. 


Simulation Conditions 


The steady and unsteady calculations were done with 
four different flow coefficients of ¢ = 0.014, 0.121, 0.187 
and 0.22, among which ø = 0.187 is the design flow 
coefficient. The turbulence model is shear stress transport 
(SST). The computational domain consists of three do- 
mains, namely, inlet, rotating and outlet domain. The 


| œ (rad/s) , j 


(a) Comparison of blade outlet angles 


(b) Impeller ‘A’ with £,,,=35° 


flow coefficient 


$ 

y pressure coefficient 
n efficiency 

w angular velocity (rad/s) 
Subscripts 

impeller inlet 
impeller outlet 
casing 

design in impeller 
static 

total 


= ana n a Ne 


total numbers of meshes for all domains are about 5 mil- 
lion with tetra mesh. The minimum size of tetra mesh is 
0.8 mm. The rotating speed of the impeller is 1100 r/min. 
The boundary conditions are defined with the mass flow 
rate at the inlet and 0 Pa of static pressure at the outlet. 
The frame change between the impeller and casing re- 
gions is imposed by Frozen-Rotor interface in the steady 
calculation and Transient Rotor-Stator interface in the 
unsteady calculation, because the flow characteristics out 
of the impeller are varied in circumferential location. The 
time step is fixed to 0.106534msec, which is equivalent 
to the progress of the rotor by 1° per time step. The 
maximum numbers of time steps are 3072 for unsteady 
calculation which is corresponding to 6 revolutions. The 
time averaged values are estimated from the data of itera- 
tion 1024 to iteration 3072. 


Table 1 Main dimensions of the impellers 


Specifications Impeller ‘A’ Impeller ‘B’ 
Inlet diameter D, 142 mm 
Outlet diameter D> 230 mm 
Number of blades B 7 
Exit blade height H 60.5 mm 
Blade thickness t 1mm 
Inlet angle Bia 15° 
Outlet angle Boa 35° 25° 


(c) Impeller ‘B’ with £,,,=25° 


Fig. 1 Geometries of Impellers 
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Results and Discussions 


Performance Curve 

The flow rate coefficient, the static pressure coeffi- 
cient, the total pressure coefficient and the efficiency in 
Fig. 2 and Fig. 3 are defined with the following equa- 
tions. 


___ 600 i 
2? D? HN 9 
2P 
y= ZDN? (2) 
_ PQ 
a (3) 


Figure 2 shows the performance curves of the simu- 
lated fan. Figure 2 (a) is the static and the total pressure 
coefficients of fans of impeller ‘A’ and ‘B’. For the im- 
peller ‘A’, the static and total pressure coefficients in 
steady simulation is quite different from the unsteady 
simulation. But for the impeller ‘B’, these coefficients in 
steady simulation are almost the same as those in un- 
steady simulation. For the case of impeller ‘A’, the static 


—0— Visa -œ> Yima 
—O— Vi sB e0 We an B 
—E— V; _st_A - B- Ws ma 
ta Ys sB =-=- Vs une 


Total pressure coefficient, wy, 
Static pressire coefficient, y, 


0 0.05 0.1 0.15 0.2 0.25 
Flow coefficient, ¢ 
(a) Pressure 


Efficicency, 7, 


— 0- Nit un A 
eed Mian B 


—_o— "Nt st A 
—¢— Ni st B 


0 0.05 0.1 0.15 0.2 0.25 
Flow coefficient, ¢ 
(b) Efficiency 


Fig. 2 Fan performance 
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Fig. 3 Impeller performance 


and total pressure coefficients are lower than in unsteady 
simulation. Figure 2 (b) shows the efficiency of the fans 
of impeller ‘A’ and ‘B’. For the impeller ‘B’, the effi- 
ciency in steady simulation is well coincident to the un- 
steady simulation. But for the case of impeller ‘A’, the 
efficiency in steady simulation is much lower as com- 
pared with the unsteady simulation with a difference of 
about 0.2 in all flow rates. 

The impeller performances of the impeller ‘A’ and ‘B’ 
are shown in Fig. 3. The steady and unsteady flow cha- 
racteristics of the impeller ‘A’ and ‘B’, the static and the 
total pressure coefficients are shown in Fig. 3 (a) and the 
efficiencies in Fig. 3 (b). The performance of the static 
pressure and the total pressure coefficients of the impel- 
ler ‘B’ in steady simulation are almost the same as those 
in unsteady simulation. And for the case of the impeller 
‘A’, the coefficients in steady simulation are almost the 
same as the case of unsteady simulation. The total pres- 
sure coefficient of the impeller ‘A’ is higher than that of 
the impeller ‘B’ in all flow rates, which is caused by the 
difference of the outlet angle of the impeller; and the 
variation with flow rate is similar to the impeller ‘B’. But 
the variation of the static pressure coefficient of impeller 
‘A’ with the flow rate is different from the case of the 
impeller ‘B’. The static pressure of the impeller ‘A’ is 
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almost constant within a wide flow rate region but that of 
impeller ‘B’ gradually decreases with the flow rate in- 
creasing. Figure 3 (b) is the efficiency of the impeller. 
The efficiency of the impeller ‘A’ in steady simulation is 
lower by about 0.1 than that in unsteady simulation at all 
flow rates. The total pressure is almost the same in both 
simulations but the blade load is different in steady and 
unsteady simulations. The efficiency of impeller ‘B’ is 
almost the same in steady and unsteady simulations. The 
efficiency of the impeller ‘B’ in both steady and unsteady 
flow fields is higher than that in the steady flowfields of 
the impeller ‘A’, but those values are lower than that in 
the unsteady flowfields of the impeller ‘A’. This shows 
the complexity of the impeller performance. 

The casing performances, efficiency, are shown in Fig. 
4. The casings have the impeller ‘A’ and the impeller ‘B’ 
which exhibit different casing performances under the 
steady and the unsteady simulations. The casing efficien- 
cy in Fig. 4 is defined by the following equation, Eq. (4). 


AP 
e Sip (4) 
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Efficiency, 7, 
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Fig.4 Casing efficiency 


The AP, , and AP, im are pressure rise in casing and the 
impeller, respectively. In the casing, AP, ¿ is always neg- 
ative. The casing efficiency based on the total pressure is 
the maximum at flow rate ¢ = 0.187 in all cases. The 
variation of the impeller ‘B’ is almost the same in both 
simulations, except for large flow rate. For the impeller 
‘A’, the difference between the steady and unsteady si- 
mulations are large, especially at the low flow rate. The 
difference of the impeller ‘A’ at design flow rate, ¢ = 
0.187, is about 0.1. The difference of the fan efficiency is 
about 0.2 at impeller ‘A’ as shown in Fig. 2 (b), which is 
caused by both the impeller and the casing efficiency 
difference. 


Flow Characteristics 


The flow characteristics of the simulated fans are dis- 
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cussed for each simulation condition at flow rate ¢ = 
0.187. The flow characteristics, relative velocity and 
static pressure, are basically analyzed in the mid-span 
location of the impeller. Figure 5 shows the relative ve- 
locity contours of steady and unsteady flow patterns. The 
flow patterns in steady and unsteady simulations inside 
the impeller are quite different at impeller ‘A’, but for the 
case of impeller ‘B’ are almost the same. In the case of 
the impeller ‘A’ in Figs. 5 (a) and (b), the flow separation 
on the suction surface near the trailing edge of the blade 
occurs at the back region, Bz, B3, and By, that causes the 
large wake near the lower wall of the casing and the up- 
per corner in the steady simulation. The separation leads 
to a distinct wake region. But the separation is very small 
in unsteady simulation. And the outflow from the casing 
near the upper wall is large in steady simulation. The 
uniform flow pattern occurs in unsteady flow field inside 
the impeller ‘A’, but non-uniform flow patterns occur in 
the steady flow field. The steady flow pattern in the 
circumferential direction of casing is quite different from 
the unsteady flow pattern. The secondary flow is domi- 
nant in the casing and the wake occurs in the corner of the 
casing and fan outlet in the steady flow. In the unsteady 
simulation, the impeller rotates as the flow passes 
through the blade passage and the inlet condition and 
outlet condition of the impeller are varied. This operates 
to average the flow in the impeller. Figures 5 (c) and (d) 
show velocity contour of the impeller ‘B?’ in steady and 
unsteady flow field. The separation occurs only at the 
leading edge of the suction sides of blades inside the 
impeller ‘B’. The steady flow pattern is a little different 
from the unsteady flow pattern inside impeller ‘B’. In 
both steady and unsteady cases, the flow pattern is a little 
different in the circumferential direction of the casing. 
Figure 6 shows the pressure distributions at the design 
flow coefficient ¢ = 0.187. Figures 6 (a) and (b) are the 
cases of the impeller ‘A’. The results from the steady 
simulation show that the flow in the impeller of Fig. 6 (a) 
is varied in circumferential location. The pressure at the 
inlet of impeller is lower than in the region of the outlet.. 
But the pressure is higher in the back region of the fan, 
B; to B4. This pressure distribution continues to the im- 
peller outlet. The static pressure is a little higher in the 
impeller ‘A’ outflow region, between B and Bs in the 
impeller rotational direction. In the casing, the pressure is 
lower at the fan exit, Bg, B7, but higher at back region, B 
to Bs. In the unsteady simulation, the pressure distribu- 
tion in circumferential location is a little varied in the 
casing and is high only at the corner. The discrepancy of 
steady and unsteady simulation is caused by the flow 
from the inlet to outlet of the impeller. At the steady si- 
mulation, the impeller does not move in the entire simu- 
lation time and the flow of the impeller passage is re- 
stricted in the fixed impeller passage. Figures 6 (c) and 
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(d) show the case of the impeller ‘B’. The static pressure 
distribution in steady simulation is a little different from 
the unsteady one within the blade sections. The blade 
load of the impeller ‘B’ is lower than the impeller ‘A’, 
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and the separation of the boundary layer on the blade 
surface is hardly occurs. These flow characteristics make 
the difference between the steady and unsteady simula- 
tion small. 
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Fig.5 Relative velocity distributions at ¢=0.187 (mid-span section) 
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Fig.6 Static pressure contour at ¢=0.187 (mid-span section) 
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Conclusions 


The effect of unsteady behavior of simulation is dis- 
cussed on the performance of a centrifugal fan. Two 
types of blades, with small and large outlet angles, are 
used to research it. The following results are obtained. 

1. The results of the fan performances are different in 
steady and unsteady simulations. The performances of 
the fan are lower in steady simulation. 

2. The variation of the flow characteristics becomes 
large in steady simulation. The separation on the blade 
surface is large in steady simulation. 

3. The differences between steady and unsteady simu- 
lations is large when the flow pattern of the impeller is 
varied in circumferential location. 
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